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Reactive oxygen species (ROS) play key roles in
mucosal defense, yet how they are induced and the
consequences for pathogens are unclear. We report
that ROS generated by epithelial NADPH oxidases
(Nox1/Duox2) during Campylobacter jejuni infection
impair bacterial capsule formation and virulence by
altering bacterial signal transduction. Upon C. jejuni
invasion, ROS released from the intestinal mucosa
inhibit the bacterial phosphotyrosine network that
is regulated by the outer-membrane tyrosine kinase
Cjtk (Cj1170/OMP50). ROS-mediated Cjtk inactiva-
tion results in an overall decrease in the phos-
phorylation of C. jejuni outer-membrane/periplasmic
proteins, including UDP-GlcNAc/Glc 4-epimerase
(Gne), an enzyme required for N-glycosylation and
capsule formation. Cjtk positively regulates Gne
by phosphorylating an active site tyrosine, while
loss of Cjtk or ROS treatment inhibits Gne activity,
causing altered polysaccharide synthesis. Thus,
epithelial NADPH oxidases are an early antibacterial
defense system in the intestinal mucosa that
modifies virulence by disrupting bacterial signaling.
INTRODUCTION
Accounting for more than 20% of all deaths under the age of 5
years, diarrheal disease is a major cause of mortality (Kosek
et al., 2003). Campylobacter jejuni is the predominant enteric
bacterial pathogen in humans worldwide, and C. jejuni infection
is associated with a variety of serious sequelae, including
Guillain-Barre syndrome, reactive arthritis, and irritable bowel
syndrome (Janssen et al., 2008). Despite its importance as aCpathogen, little is understood of how C. jejuni initiates disease
in the human intestine or how the intestinal mucosa responds
to infection. The gastrointestinal tract and mucosal surfaces in
general harbor a number of innate defense strategies to maintain
epithelial integrity during challenge from pathogenic organisms
(Hooper and Macpherson, 2010). The physical organization of
the mucosal barrier and secretion of antimicrobial mediators
constitute the first line of defense. A common microbicidal
process in innate immunity is the NADPH oxidase (Nox2)-medi-
ated release of reactive oxygen species (ROS) into the neutrophil
phagosome for pathogen killing (Nauseef, 2007). In this sealed
membrane compartment highly reactive ROS are generated
that lead to DNA and protein damage, thereby contributing to
inactivation of autoinducers and protein export pathways (Rosen
et al., 2009; Rothfork et al., 2004).
ROS are also generated by mucosal epithelial barrier tissues
through the related oxidase complexes Nox1-p22phox and
Duox2-DuoxA2. While Nox1 expression is restricted to colon,
Duox2 can be found in all segments of the intestinal tract (Bae
et al., 2010; Rokutan et al., 2008). Pathogen-associated mole-
cules can lead to upregulation of Nox1 or Nox1-associated regu-
latory proteins (Rada and Leto, 2008), implicating this oxidase
in immune cell signaling. In addition, antibacterial properties of
Duox in the intestine of Drosophila or zebrafish larvae have
been reported (Flores et al., 2010; Ha et al., 2009). The availability
of an oxygenation zone close to the epithelial surface provides
a suitable milieu for production of superoxide and H2O2 by
epithelial oxidases in the intestine (Marteyn et al., 2011). For
mucosal surfaces in the lung, a role for a Duox-lactoperoxidase
(LPO) system producing microbicidal hypothiocyanite has been
proposed (Fischer et al., 2011; Xu et al., 2009). The relevance
of this mechanism to mucosal host defense in vivo has not
been confirmed and relies on sufficient generation of halides.
However, diffusion and decomposition of ROS in the extracel-
lular environment of the intestine will likely diminish the local
concentration of ROS, and, therefore, whether and how intes-
tinal pathogens might be affected by ROS is not known.ell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc. 47
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Mucosal ROS Disrupt C. jejuni PhosphorylationInnate immune mechanisms elicited by C. jejuni invasion of
the intestinal epithelium are essential for limiting the duration
and severity of infection. C. jejuni appears to have evolved a
repertoire of virulence mechanisms for immune avoidance. In
addition to protection from environmental stress, the bacterial
capsule is one of the established pathogenicity factors in
C. jejuni. Capsule-deficient organisms show impaired coloniza-
tion in chicks, decreased epithelial invasion, and reduced viru-
lence in ferrets and are highly sensitive to complement-mediated
killing (Bacon et al., 2001; Keo et al., 2011). Our earlier observa-
tions that capsule expression and virulence of C. jejuni are
modulated by host cell factors in the extracellular milieu points
to the likely involvement of an infection-dependent, diffusible
signaling process between host and pathogen (Corcionivoschi
et al., 2009).
Here, we examined the possibility that H2O2 represents the
soluble host factor released from the human intestinal epithelium
after infection by C. jejuni. Upon contact with the bacterium,
NADPH oxidases were redistributed to the bacterial entry site,
resulting in release of H2O2 into the extracellular environment at
themucosal surface.Continuous exposure to lowconcentrations
of H2O2, as encountered by bacteria in the intestine, was suffi-
cient to alter bacterial signal transduction, i.e., disruption of the
C. jejuni phosphotyrosine network located in the outer mem-
brane and periplasmic space. An unconventionalC. jejuni bacte-
rial tyrosine kinase (BY kinase) was identified that controlled
capsule formation by phosphorylating an epimerase involved in
polysaccharide biosynthesis. Thus, epithelial NADPH oxidases
function as an innate mucosal defense system by targeting
bacterial phosphotyrosine signaling to modulate pathogenicity.
RESULTS
Campylobacter Infection Triggers Nox1/Duox2-
Mediated ROS Generation
We reported that host epithelial cells modulateC. jejuni virulence
by an unidentified mechanism (Corcionivoschi et al., 2009). With
immune defense systems in mind, we hypothesized that the
release of ROS from intestinal epithelium infected by C. jejuni
was responsible for this effect. Indeed, here we show that cocul-
ture of C. jejuni 81–176 with HCT-8 intestinal epithelial cells trig-
gered the release of H2O2 into the medium (Figure 1A). H2O2
levels rose progressively within 30 min after infection and stabi-
lized after 3 hr (Figure 1B). Addition of catalase (CAT) or pretreat-
ment of cells with the flavoenzyme inhibitor diphenylene iodo-
nium (DPI) confirmed the presence of H2O2 in the medium and
the likely involvement of NADPH oxidase as a ROS-generating
enzyme system (Figure 1C). In vivo the intestinal epithelium
expresses predominantly either Nox1 (colon) or Duox2 (small
bowel) (Bedard and Krause, 2007). ROS were also induced after
coculture of C. jejuni with cells that harbor Nox1 and Duox2,
respectively (Figures 1D and 1E). RT-PCR experiments indicated
expression of the Nox1 complex, including NoxA1 and NoxO1,
but not of any other NADPH oxidase isoforms in HCT-8 cells
(Figure 1F). Transcriptional upregulation of the Nox1 complex
or of other Nox/Duox family members was not detected, as pre-
dicted by the rapid onset of ROS generation. Supporting these
observations, knockdown of Nox1 attenuated H2O2 production
by HCT-8 cells when cocultured with C. jejuni (Figure 1G).48 Cell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc.Confocal images of uninfected versus C. jejuni-infected HCT-8
cells revealed infection-dependent redistribution of the Nox1-
p22phox complex to areas of lamellipodia formation and to points
of entry of C. jejuni organisms (Figure 1H and Figures S1A–S1F
available online).
We wished to confirm the in vivo relevance of these findings
and established a polarized ex vivo organ culture model created
from human biopsy tissues taken from normal large and small
intestine at the time of routine endoscopy. Nox1 was highly ex-
pressed in colon tissue (Ct 28), while Duox2 expression in
healthy, noninflamed duodenum and colon tissues was variable
(Ct 32-36, Figure S2A). Phagocyte-specific Nox2 expression
was low (Ct 34–35), confirming that biopsies originated from
healthy, noninflamed tissue. Using the pIVOCmethodology (Fig-
ure S2B), we observed time-dependent ROS production after
C. jejuni challenge of the apical surface of duodenum and colon
tissue (Figure 2A). This confirms that H2O2 is continuously
released from healthy human intestinal tissue after C. jejuni
infection. Both NADPH oxidases, Nox1 and Duox2, respond to
Campylobacter infection in a similar manner. The activity of
both oxidases was inhibited by preincubation of pIVOC organ
culture with the flavoenzyme inhibitor diphenyleneiodonium
(DPI). Duodenal biopsies incubated with either C. jejuni or with
thapsigargin, which leads to Duox activation, showed maximal
H2O2 release from these tissues, while exposure to soluble
stimuli such as TNFa was less effective (Figure 2B). Confocal
images of infected pIVOC tissue confirmed Duox and Nox1-
p22phox recruitment at sites of intimate contact of C. jejuni with
intestinal epithelium (Figure 2C [duodenum] and Figure 2D
[colon]). Thus, Campylobacter-induced release of ROS can be
detected in a human ex vivo model constructed to mimic condi-
tions in vivo by restricting bacterial challenge to the epithelial
surface of intact mucosal tissue.
Oxidase Activation Requires Direct Contact between
C. jejuni and the Host Cell
In order to explore further the nature of the interaction between
bacteria and eukaryotic cells that underpinned ROS production,
we cocultured C. jejuni and HCT-8 cells in conditions that
included a filter separating C. jejuni from the mammalian cells.
The absence of ROS production and lamellipodia formation by
host cells in this setting confirmed that direct contact between
C. jejuni and host cells is necessary for redistribution and
activation of the Nox1-p22phox complex, and that stimulation of
cells by secreted bacterial compounds is unlikely (Figures 3A
and S3A). Although C. jejuni cannot activate human TLR5 or
TLR9 and does not lead to sustained TLR4 activation in many
intestinal cells, TLR2 stimulation could occur (Al-Sayeqh et al.,
2010; Galkin et al., 2008; Young et al., 2007). HCT-8 cells
responded to stimulation with the TLR2 ligand Malp-2 by
producing ROS, but heat-inactivated C. jejuni failed to activate
Nox1 (Figure 3B), indicating that passive host-C. jejuni contact
is not sufficient to induce ROS generation. We confirmed the
notion that active processes such as adhesion and/or invasion
are required by analyzing ROS generation triggered by aC. jejuni
cadF deletion mutant, known to have impaired ability to
adhere to and invade epithelial cells (Monteville et al., 2003).
Reduced invasion by absence of CadF paralleled less efficient
ROS generation (Figures 3C and 3D). Entry of C. jejuni into
Figure 1. Exposure of Intestinal Cells to C. jejuni
81–176 Leads to NADPH Oxidase-Mediated
Release of Hydrogen Peroxide
(A) H2O2 production after co-culture ofC. jejuniwith HCT-8
cells for 10 hr. Statistical significance relative to non-
inhibited H2O2 production is indicated, **p < 0.0001,
n = 3, ± SEM.
(B) Time course of H2O2 release from HCT-8 cells during
coculture with C. jejuni.
(C) H2O2 production after coculture of C. jejuniwith HCT-8
cells for 10 hr in the presence of inhibitors. Catalase (CAT)
and DPI were added prior to exposure to bacteria, **p <
0.0001, n = 3, ± SEM.
(D) H2O2 release from HT-29 cells during coculture with
C. jejuni at various time points, *p = 0.0005, n = 3, ± SEM.
(E) H2O2 release from H661-Duox2/DuoxA2 cells during
coculture with C. jejuni at various time points, *p = 0.0005,
**p = 0.0001, ***p = 0.00005, n = 3, ± SEM. Preincubation
with DPI (15 mM, 30 min) was used as control.
(F) Semiquantitative RT-PCR for expression of Nox/Duox
and functionally associated genes in HCT-8 cells. Actin
served as loading control, and complementary DNA
(cDNA; ‘‘C’’) or plasmid cDNA was used as gene-specific
PCR control.
(G) Knockdown of Nox1 in HCT-8 cells using Nox1-1,
Nox1-2, and scrambled small interfering RNA (siRNA)
followed by C. jejuni infection and H2O2 measurement.
Actin PCR and independent control PCR (‘‘C’’) are shown.
Statistical significance is relative to SCR siRNA. *p =
0.0005 and **p = 0.0001, n = 3, ± SEM.
(H) Confocal analysis of the Nox1-p22phox complex and
TAMRA-labeled C. jejuni (red) in HCT-8 cells after 3 hr of
exposure (colocalization in white). Anti-p22phox staining
(green), nuclei (DAPI, blue). The scale bar represents
10 mm.
See also Figure S1.
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Mucosal ROS Disrupt C. jejuni Phosphorylationhost cells is dependent on the actin/microtubule network (Wat-
son and Gala´n, 2008; Young et al., 2007). Nocodazole or cyto-
chalasin D treatment markedly attenuated entry of C. jejuni
81–176 into HCT-8 cells, membrane recruitment of Nox1
(Figures 3E and S3B), and abolished ROS production (Figure 3F).
Pretreatment of HCT-8 cells with the Src family kinase inhibitor
PP2 profoundly inhibited C. jejuni invasiveness and downregu-
lated ROS production (Figures 3G and 3H). In addition, inhibition
of the GTPase Rac1 or of PI-3 kinase, both implicated in host
cell entry by C. jejuni (Hu et al., 2006; Krause-Gruszczynska
et al., 2007), caused significant reduction in ROSgeneration (Fig-
ure 3I). A caveat of using these inhibitors is their potential for
disrupting multiple signaling pathways, as Src and Rac1 have
been connected to Nox1-induced ROS generation (Gianni
et al., 2010; Ueyama et al., 2006). Nevertheless, our multifacet-
ted approach suggests strongly that bacterial invasion serves
as a trigger for mucosal ROS generation.Cell Host & MicrobHydrogen Peroxide Exposure Impairs
Extracellular C. jejuni Capsule Formation
and Virulence
Epithelium-derived H2O2 present in the lumen
during the course of infections will likely not irre-
versibly damage pathogens, but may attenuate
the pathogenicity of extracellular organisms. To
test whether the presence of host-derived ROSalone can mediate the loss of the C. jejuni capsule, we exposed
bacteria to H2O2 (Figure 4A). Capsule loss was almost complete
between 50 mMand 5mMH2O2, concentrations that did not alter
C. jejuni viability or its ability to grow (Figures 4B and S4A). As
observed earlier with coculture CPS depletion was detected
after 6–8 hr of H2O2 exposure (Figure S4B).C. jejuni continuously
exposed to, but separated from, direct contact with COS cells
expressing Nox4 lost its capsule in a similar manner, an effect
that was partially rescued by short pretreatment of cells with
DPI (Figure 4C). Exogenously expressed Nox4 was used here
due to its unique ability to release constitutively H2O2 at low rates
(30–40 nmol H2O2/hr/mg protein) (von Lo¨hneysen et al., 2010),
while Nox1 or Duox enzymes remain dormant without stimula-
tion. In coculture conditions either with cells (HCT-8 cells, as
previously published; H661-Duox2/DuoxA2 cells, Figure S4C)
or with biopsies (Figure 4D) C. jejuni infection will trigger
Nox1 or Duox2 activation, leading to ROS generation and CPSe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc. 49
Figure 2. Release of NADPHOxidase-Medi-
ated Hydrogen Peroxide in an Ex VivoModel
of Gastrointestinal Epithelium after Expo-
sure to C. jejuni
(A) H2O2 generation in colonic and duodenal
biopsies mounted as pIVOC and incubated with
C. jejuni. The percentage change of H2O2 over
time with or without DPI is shown. Noninfected
control biopsies were taken as base line. Data
are representative of four sets from eight patients
(P1–P8), error bars represent ± SD of three inde-
pendent measurements per time point.
(B) H2O2 release from duodenum biopsies of three
different patients (P) either without stimulation,
stimulated with TNFa (40 ng/ml), thapsigargin
(25 mM), or cocultured with C. jejuni for 3 hr.
Error bars represent ± SD of three independent
measurements per treatment.
(C) Immunofluorescence of duodenal pIVOC
biopsy infected with C. jejuni for 3 hr and stained
for Duox2 (green) and C. jejuni (red). The scale bar
represents 10 mm.
(D) Immunofluorescence of colonic pIVOC biopsy
infected with C. jejuni for 3 hr and stained for
p22phox (green) andC. jejuni (red). Colocalization is
indicated inwhite. The scale bar represents 10 mm.
See also Figure S2.
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confirmed the disappearance of the capsule polysaccharide
layer upon H2O2 treatment, although overall morphology of
C. jejuni was not altered (Figure 4E). For comparison, a C. jejuni
kpsMmutant, which is deficient in high molecular-weight glycan
required for CPS synthesis and cannot produce a capsule, is
shown. In line with CPS depletion after coculture or genetic
manipulation (Bacon et al., 2001; Corcionivoschi et al., 2009),
C. jejuni organisms exhibited reduced adhesion (Figure 4F)
and invasiveness (Figure 4G) after exposure to H2O2. Motility
of H2O2 treated C. jejuni or C. jejuni DkpsM mutant in soft
agar was attenuated (Figure 4H), presumably due to a change
in bacterial surface properties after CPS depletion. In contrast,
bacterial motility in liquid media was not altered (data not
shown). Thus, exogenous H2O2 treatment of bacteria mimics
the effect of intestinal coculture on C. jejuni CPS production
and reduces bacterial virulence.
Hydrogen Peroxide Shuts Down Phosphotyrosine
Signaling by a C. jejuni Outer-Membrane Tyrosine
Kinase
In eukaryotic cells, ROS play a key role in modulating tyrosine
phosphorylation, mainly by inhibiting protein tyrosine phospha-50 Cell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc.tases. Although a much less common
phenomenon in bacteria, signaling via
tyrosine phosphorylation has been impli-
cated in capsular exopolysaccharide
synthesis in prokaryotes (Bechet et al.,
2009). The H2O2-mediated loss of CPS
prompted us to analyze C. jejuni tyro-
sine phosphorylation patterns. Tyrosine-
phosphorylated proteins were detectedin outer-membrane fractions, but not in the cytosol or inner-
membrane fractions (Figure S5A). Coculture with Nox1-express-
ing HCT-8 cells, which is associated with capsule depletion,
decreased significantly outer-membrane protein (OMP) tyro-
sine phosphorylation in C. jejuni (Figure 5A). Downregulation of
protein tyrosine phosphorylation was achieved within 8 hr of
coculture andwas rescued by inhibition of ROSproduction using
DPI or by decomposition of H2O2 using catalase (Figure 5B).
A similar loss of tyrosine phosphorylation was observed in
C. jejuni cocultured with duodenal or colon biopsies, or with
Duox2-expressing cells (Figures 5C and S5B). Furthermore,
exposure of bacteria to exogenous H2O2 (Figures 5D and S5C)
or to H2O2 produced by Cos-Nox4 cells (Figure 5E), both of
which alter CPS (see Figures 4A–4D), caused the disappearance
of all but one tyrosine-phosphorylated bands. Tryptic digest
of OMPs followed by 2D gel electrophoresis and anti-phos-
photyrosine blotting revealed several tyrosine-phosphorylated
spots (Figure 5F, panel I), which were lost in OMPs derived
from C. jejuni cocultured with cells (Figure 5F, panel II). Thus,
exposure of C. jejuni to H2O2, regardless of whether derived
from epithelial cells or administered exogenously, results in
greatly reduced tyrosine phosphorylation of bacterial OMPs.
This finding appears to exclude ROS-mediated inhibition of
Figure 3. Active Contact of C. jejuni 81–176 with HCT-8 Cells Is Required for H2O2 Production
(A) H2O2 release by HCT-8 cells in the absence of C. jejuni, in the presence of C. jejuni separated from cells using a 0.2 mm filter, or when C. jejuni is cocultured in
contact with cells, **p < 0.0001, n = 3, ± SEM.
(B) H2O2 release by HCT-8 cells stimulated with TNFa (40 ng/ml), PMA (0.1 ng/ml), Malp2 (10 ng/ml), live C. jejuni or heat-killed C. jejuni (multiplicity of infection
100). One-way ANOVA (p < 0.0001) and a two-tailed nonparametric t test were used, n = 3, *p = 0.005, **p = 0.0001, ***p = 0.00005.
(C–I) Invasion of C. jejuni correlates with H2O2 release. Invasion is expressed as the percent of inoculum.
(C and D) Comparison of wild-type C. jejuni with invasion-deficient C. jejuni D cadF in HCT-8 cells.
(E–I) Pretreatment of HCT-8 cells with indicated inhibitors (nocodazole, cytochalasin D, PP2, NSC23766, LY294002, wortmannin) for 45 min followed by incu-
bation with C. jejuni, Two-tailed nonparametric t test in (C)–(I), ***p < 0.0001, **0.001 < p % 0.0001, *0.005 % p % 0.001 n = 3, ± SEM. When not otherwise
specified, the nontreated sample was compared to the treated sample.
See also Figure S3.
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Mucosal ROS Disrupt C. jejuni Phosphorylationa bacterial tyrosine phosphatase as mechanism causing the
drop in phosphotyrosine content.
Bacterial tyrosine kinases (BY kinases) constitute a family
of recently discovered enzymes that control key regulatory
prokaryotic networks (Cuthbertson et al., 2009; Lee and Jia,
2009). Previous analysis of the C. jejuni genome failed to identifyCa putative BY kinase (Voisin et al., 2007). Using a bioinformatics
approach based on homology to particular sequence motifs,
we identified Cj1170c, an outer-membrane protein, previously
designated OMP50 (Bolla et al., 2000), as candidate BY kinase.
Based on its molecular weight, we hypothesized that auto-
phosphorylated OMP50 was represented by the remaining,ell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc. 51
Figure 4. Exposure of C. jejuni 81–176 to H2O2 Leads to Loss of Bacterial Capsule and Decreased Motility and Invasion
(A) Capsule polysaccharide (CPS) staining using lysates derived from C. jejuni with or without exposure to 5 mM H2O2 (10 hr). For comparison capsule-deficient
C. jejuni DkpsM was used. Lipooligosaccharide (LOS) is indicated.
(B) H2O2 concentration-dependent loss of CPS staining in C. jejuni lysates (10 hr exposure).
(C) C. jejuni was exposed to H2O2 released from constitutively active Nox4 (Cos-Nox4 cells), followed by CPS staining. Cells and bacteria were physically
separated with a 0.3 mm filter. DPI preincubation of Cos-Nox4 cells for 30 min and inhibitor washout was used as a control.
(D) CPS staining of lysates derived from extracellular C. jejuni after exposure to colon or duodenal biopsies (8 hr).
(E) Electron microscopy images of C. jejuni with and without exposure to 5 mM H2O2. C. jejuni D kpsM was used for comparison. Scale bars represent 200 nm.
(F–H) Adhesion, invasion, andmotility ofC. jejuni, H2O2-exposedC. jejuni andC. jejuniDkpsM in HCT-8 cells. Adhesion and invasion are expressed as the percent
of inoculum. *p = 0.01, n = 3, ± SEM.
See also Figure S4.
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Mucosal ROS Disrupt C. jejuni Phosphorylationtyrosine-phosphorylated band at 50 kDa in H2O2-treated or
cocultured OMP fractions. MS-MS analysis of the remaining
tyrosine-phosphorylated spot (Figure 5F, panel II, indicated by
arrows) followed by data base search revealed multiple
OMP50-derived sequences. An antibody raised to OMP50
protein recognized a band at 50 kDa in the OMP fraction (Fig-
ure 5G) and the indicated spot in 2D separation gels (Figure 5F,
panel III). The identity of OMP50 as the predominant tyrosine-
phosphorylated protein remaining in H2O2- or cell-exposed52 Cell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc.C. jejuni extracts was confirmed by analyzing a C. jejuni
Domp50 site-specific insertional mutant. The C. jejuni Domp50
strain showed no apparent signs of major morphological
changes or of growth inhibition. In OMP fractions prepared
from this mutant, the band at 50 kDa could not be detected
by anti-OMP50 or anti-phosphotyrosine blotting (Figure 5F,
panel IV, and Figure 5G). In fact, deletion of OMP50 abolished
tyrosine phosphorylation in general, indicating that this protein
constitutes most likely the only BY kinase in C. jejuni (Figure 5G).
Figure 5. ROS-Mediated Disruption of Phosphotyrosine Signaling by Cj1170/OMP50, a Bacterial Tyrosine Kinase Controlling Capsule
Synthesis
(A–E) Exposure of C. jejuni to H2O2 alters bacterial tyrosine phosphorylation.
(A) Time course of coculture of C. jejuni with HCT-8 cells. Tyrosine phosphorylation of outer-membrane proteins (OMPs) is shown.
(B) Phosphotyrosine incorporation in C. jejuni OMPs derived from HCT-8 cocultures in the absence or presence of catalase or DPI pretreatment.
(C) Phosphotyrosine content of C. jejuni exposed to medium (C. j. only) or of extracellular C. jejuni collected after 6 hr of infection of duodenal or colon biopsies.
(D–E) Exposure ofC. jejuni to 5mMH2O2 (D) or to Cos-Nox4 cells separated by a filter (E) for 10 hr followed byOMPextraction and phosphotyrosine detectionwith
or without DPI pretreatment.
(F) Phosphotyrosine 2D immunoblots of C. jejuni OMPs without treatment (I) and after coculture with HCT-8 cells (II). Blot (I) was stripped and reprobed with
OMP50 antibody (III). The indicated spot was also analyzed by MS-MS. C. jejuni Domp50 OMPs were run on 2D gels and blotted with OMP50 antibody (IV).
(G) Coomassie, anti-phosphotyrosine and anti-OMP50 immunoblots of OMPs derived from C. jejuni WT and C. jejuni Domp50.
(H) CPS staining of C. jejuni and C. jejuni Domp50 lysates.
(I) Electron microscopy images of C. jejuni and C. jejuni Domp50. Scale bar s represent 200 nm.
(J and K) Comparison of wild-type C. jejuni with C. jejuni Domp50 regarding motility in soft agar and HCT-8 invasion. **p = 0.0003, n = 3, ± SEM.
(L) ROS generation after coculture of indicated C. jejuni strains with HCT-8 cells. Adhesion- and invasion-deficient C. jejuni DcadF served as control. Invasion is
expressed as the percent of inoculum. ***p < 0.0001, n = 3, ± SEM.
See also Figure S5.
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Mucosal ROS Disrupt C. jejuni PhosphorylationNext, we investigated whether OMP50 deficiency would recapit-
ulate the C. jejuni phenotypes observed after exposure to ROS.
CPS depletion and the absence of the capsule structure indi-
cated that OMP50 is required for polysaccharide biosynthesisCor export (Figures 5H and 5I). Furthermore, OMP50 deficiency
substantially reducedmotility and invasiveness of the bacterium,
coupled with significantly decreased Nox1-dependent ROS
generation (Figures 5J–5L), indicating that OMP50 is a majorell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc. 53
Figure 6. Cjtk/OMP50 Represents a Unique Outer-Membrane BY Kinase
(A) Alignment of typical BY kinase motifs in E.coli Etk, A. johnsonii Ptk, K. pneumoniae Wzc with C. jejuni OMP50 (Cjtk). Etk secondary structure is in blue and
prediction for Cjtk in red (see also Figure S6).
(B) Identification of the active site tyrosine in Cjtk.C. jejuni Domp50 strain was complemented with omp50wild-type or the indicated omp50mutants, followed by
Coomassie blue staining, anti-phosphotyrosine and anti-OMP50 immunoblotting of OMP fractions, and Alcian blue staining of capsular polysaccharides.
(C) OMP phosphorylation by purified Cjtk is redox sensitive. In vitro phosphorylation of C. jejuni Domp50OMPs by purified Cjtk (anti-phosphotyrosine blot) in the
presence (bottom) or absence (top) of 10 mM H2O2.
See also Figure S6.
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Mucosal ROS Disrupt C. jejuni Phosphorylationvirulence factor of C. jejuni. To alleviate concerns regarding
phase variation, we reconstituted omp50 in the C. jejuni D
omp50 mutant, which reversed the motility and invasion pheno-
type to wild-type C. jejuni (Figures S5D and S5E). The motility
phenotype could be linked to polysaccharide depletion, or it
might be the result of the overall elimination of phosphotyrosine
signaling by OMP50 deletion.
The BY Kinase OMP50 Contains an Essential Regulatory
Tyrosine Residue
Sequence and structural alignment of OMP50 with other known
BY kinases indicates that OMP50 represents a noncanonical
prototype in this family. OMP50 is a genuine OMP, possibly
forming a monomeric pore (Bolla et al., 2000), instead of follow-
ing the typical BY kinase topology in gram-negative bacteria that
is characterized by two inner membrane-spanning a helices and
a cytosolic catalytic domain. The putative kinase domain in the
C terminus of OMP50 contains Walker A and Walker A0 motifs,54 Cell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc.but lacks the consensus Walker B sequence (hhhhD) (Figures
6A and S6). Important elements of the autoactivation switch
seem to be conserved such as the combination of a putative
internal regulatory tyrosine residue (Y338 OMP50, Y574 Etk)
and the interacting arginine residue (R377 OMP50, R614 Etk)
(Lee et al., 2008). A potential tyrosine (Y) cluster is also present,
although the number and spacing of tyrosine residues is less
distinctive. Minimal differences in OMP50 sequences derived
from C. jejuni or C. lari exist, none of which would affect the
conserved kinase motifs.
Bacterial in vivo tyrosine phosphorylation was examined by
comparison of tyrosine phosphorylation patterns of OMP frac-
tions derived from C. jejuni wild-type, C. jejuni Domp50 mutant,
and a C. jejuni Domp50 strain complemented with OMP50.
Deletion of OMP50 was accompanied by loss of tyrosine phos-
phorylation, which was recovered by OMP50 reintroduction
(Figure 6B). In some, but not in all, BY kinases, a regulatory tyro-
sine is critically involved in kinase activity (Bechet et al., 2010).
Cell Host & Microbe
Mucosal ROS Disrupt C. jejuni PhosphorylationMutation of this tyrosine to phenylalanine leads to diminished BY
kinase activity. A similar mutation in OMP50 (OMP50 Y338F)
abolished in vivo kinase activity of OMP50 when introduced in
the Domp50 mutant background. In line with earlier observa-
tions, complementation with OMP50 Y338F reduced CPS signif-
icantly without altering OMP50 or general protein expression
(Figure 6B). An OMP50 triple tyrosine mutant in the Y cluster
(OMP50 Y422/425/430F) was similarly introduced into the
Domp50 strain, but did not cause any discernible phenotype,
suggesting that in contrast to other BY kinases, phosphorylation
of three of the four tyrosine residues in the Y cluster is not
essential for OMP50 activity toward substrates (Figure 6B). As
these results indicate that OMP50 represents not only an
outer-membrane protein but also a BY kinase, we propose re-
naming the protein Cjtk (C. jejuni tyrosine kinase).
In Vitro Phosphorylation of OMPs by Cjtk Is ROS
Sensitive
To confirm tyrosine kinase activity of Cjtk in vitro, we purified Cjtk
from micelles prepared from C. jejuni wild-type OMP fractions
(Figures S7A and S7B) and subjected OMP fractions derived
from the Domp50 (cjtk) mutant, which lack Cjtk and overall tyro-
sine phosphorylation, to kinase assays. The purified Cjtk was
constitutively active and phosphorylated several OMP proteins
on tyrosine (Figure 6C, upper panel). We then asked whether
addition of H2O2 would disrupt in vitro phosphorylation of
OMP proteins. While autophosphorylation of Cjtk persisted, as
observed earlier (Figure 5), tyrosine phosphorylation of Cjtk
substrates in the Cjtk-deficient OMP fraction was substantially
reduced (Figure 6C, lower panel). Thus, in vitro and in vivo tyro-
sine phosphorylation of proteins contained in the OMP fraction is
disrupted by oxidation.
Cjtk Modulates UDP-GlcNAc/Glc 4-Epimerase Activity
by Active Site Tyrosine Phosphorylation
How BY kinases may regulate bacterial signaling networks
becomes more apparent when the limited number of previously
identified bacterial substrates is considered. One of the targets is
UDP-glucose dehydrogenase (ugd), an enzyme involved in poly-
saccharide and colanic acid biosynthesis and export (Lacour
et al., 2008). Tyrosine phosphorylation of bacterial proteins can
lead to activation (Ugd, Cap5O) or inactivation (phage inte-
grases), or can affect general housekeeping functions such as
DNA replication or heat-shock response (Bechet et al., 2009).
Loss of CPS in the C. jejuni Domp50 strain pointed to modifica-
tion of at least one enzyme involved in polysaccharide biosyn-
thesis. We extracted and sequenced the five tyrosine-phosphor-
ylated spots present after 2D separation of OMPs (see Figure 5F,
panel I, and Figure 7A). One of the proteins was identified as
Cj1131c, a bifunctional UDP-GlcNAc/Glc 4-epimerase (GalE,
renamed Gne) (Bernatchez et al., 2005). The extracted tyro-
sine-phosphorylated proteinmigrated at the expectedmolecular
weight of 36 kDa (Figure 7B) and was absent when OMPs
isolated from a C. jejuni DgalE (gne) mutant were probed with
anti-phosphotyrosine antibody after 2D gel electrophoresis
(Figure 7C).
Enzymes involved in carbohydrate biosynthesis are commonly
expressed in the bacterial cytosol and are thought to be phos-
phorylated by the cytosolic kinase domain of inner membrane-Cassociated BY kinases. As Gne constitutes a phosphorylation
target of the outer-membrane kinase Cjtk, the localization of
Gne in C. jejuni was explored. In the absence of a readily avail-
able anti-Gne antibody, we expressed histidine-tagged Gne in
wild-type C. jejuni and probed C. jejuni fractions by immunoblot-
ting with anti-histidine antibodies. Gne was present in all
three fractions, although the majority of the enzyme was in
membrane-associated fractions. Tyrosine-phosphorylated Gne
was only present in the OMP fraction, which was expected due
to the localization of Cjtk and the absence of tyrosine phosphor-
ylation in cytosol and IMP fractions (Figure 7D and S5A). Frac-
tionations were validated with an antibody recognizing the
cytosolic ferric uptake regulator Fur and the outer-membrane
protein CadF.
So that whether Gne constitutes a genuine substrate of Cjtk
could be ascertained, His-Gne was expressed in E. coli, affinity
purified (Figure S7C) and subjected to kinase assays. Gne was
efficiently phosphorylated by Cjtk in vitro, confirming Gne as
Cjtk substrate (Figure 7E). Kinase assays in the presence of
H2O2 revealed that Cjtk activity is not directly affected by
H2O2 in vitro (Figure S7D). Thus, the OMP fraction contains
either yet-unidentified factors that permit generation of ROS
with higher oxidation efficiency than H2O2 or provides endoge-
nous Cjtk substrates in a structural context that is ROS sen-
sitive. Bacterial in vivo phosphorylation of Gne was tested by
introduction of His-Gne into C. jejuni wild-type and Domp50
mutant, followed by OMP isolation and affinity purification of
His-Gne. His-Gne was detected in both C. jejuni strains, but
was only tyrosine phosphorylated in wild-type C. jejuni (Fig-
ure 7F). In vitro exposure of phosphorylated His-Gne to H2O2
did not remove phosphotyrosine content, indicating the struc-
tural integrity of the protein (Figure S7E). As previously described
(Bernatchez et al., 2005), the DgalE (gne) mutant showed pro-
nounced loss of CPS and distinct changes in the N-glycan and
lipooligosaccharide profiles (Figure 7G). The N-glycan patterns
of C. jejuni exposed to H2O2 or of Cjtk-deficient (Domp50)
C. jejuni were similar, but revealed apparent differences when
compared to the C. jejuni wild-type strain and the DgalE (gne)
strain. These results suggest that ROS exposure phenocopies
the influence of Cjtk on endogenous substrates, while complete
Gne deficiency leads to more pronounced changes in carbohy-
drate biosynthesis.
Our observations suggest that Cjtk kinase activity plays a
positive regulatory role in Gne’s epimerase activity. A predicted
structural model of the active site of Gne places a tyrosine
residue (Gne Y146) at a prominent position in the saccharide
binding pocket (Bernatchez et al., 2005). This tyrosine residue
is conserved throughout bacterial UDP-GlcNAc and UDP-Glc 4
epimerases. Conservative mutation of Y146 to F146 in His-Gne
and expression of the wild-type or mutant enzyme in a Gne-defi-
cient C. jejuni strain (C. jejuni 81–176 DgalE [gne]) revealed that
mutation of Y146 abolishes tyrosine phosphorylation of Gne
(Figure 7H). Gne Y146 was also verified as the Cjtk phosphoryla-
tion site in vitro (Figure S7F). C. jejuni Dgne Y146 displayed
reduced CPS similar to the deletion of complete gne (Fig-
ure S7G). The N-glycan pattern of C. jejuni D gne reconstituted
with gne Y146F was similar to the pattern observed when
analyzing theC. jejuniDomp50 (cjtk) mutant or N-glycan patterns
of C. jejuni exposed to host cell coculture (Figures 7I and S7H).ell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc. 55
Figure 7. Activity of Gne Is Positively Regulated by Cjtk-Mediated Phosphorylation of the Active Site Tyrosine 146
(A and B) Phosphotyrosine detection after 2D separation of C. jejuni OMP lysates. Arrow indicates spot recovered for MS-MS analysis and identified as Cj1131c
(Gne). The extracted spot was run in 1D SDS-PAGE and blotted with anti-phosphotyrosine antibody (B).
(C) 2D separation and phosphotyrosine detection of OMPs derived from deletion mutant C. jejuni DgalE/gne. Arrow indicates the missing spot corresponding to
Gne protein.
(D) Cytoplasm, IMP and OMP preparations of C. jejuni expressing histidine-tagged Gne were probed with anti-His and anti-phosphotyrosine antibodies. An anti-
Fur and anti-CadF antibodies were used as control to assess the purity of the fractions.
(E) Purified Cjtk and E.coli purified His-Gne were subjected to in vitro kinase assays and probed with anti-phosphotyrosine and anti-His antibody.
(F) OMPs were prepared from wild-type C. jejuni and C. jejuni Domp50, both expressing histidine-tagged Gne. His-Gne was affinity purified and visualized with
anti-phosphotyrosine and anti-His antibody (see also Figure S7).
(G) Comparative analysis of carbohydrate structures in C. jejuni wild-type, C. jejuni WT exposed to H2O2, and C. jejuni mutants Domp50 and Dgne. Left: Alcian
blue gel of CPS profile. Middle: N-glycosylation blot profile and corresponding Coomassie gel. Right: Alcian blue gel of LOS profile.
(H) In vivo phosphorylation of Gnewas assessed by immunoblotting usingC. jejuniDgne reconstituted with either His-GneWT or His-Gne Y146F and subsequent
affinity purification of WT or mutant His-Gne.
(I) N-glycosylation profile of C. jejuni WT or Domp50, compared to C. jejuni Dgne and to Dgne reconstituted with His-Gne WT or with His-Gne Y146F. Arrows
indicate variations of glycosylation on Domp50 and Dgne Y146F when compared to the WT and Gne reconstituted C. jejuni.
See also Figure S7.
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deleted, suggesting that loss of Gne tyrosine phosphorylation by
exposure to ROS or by absence of Cjtk acts as a modifier of
epimerase activity. Taken together, these data provide evidence
for the mechanism triggering ROS-dependent downregulation
of C. jejuni capsular polysaccharide. In the presence of ROS,
Cjtk-mediated tyrosine phosphorylation of the Gne active site
(and likely those of other substrates) is defective, thereby dis-
rupting epimerase activity necessary for efficient carbohydrate
production.
DISCUSSION
We describe here a previously unappreciated role for mucosal
ROS in antibacterial defense. ROS released from the intestinal56 Cell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc.epithelium in the course of C. jejuni infection attenuate the path-
ogenicity of extracellular bacteria by disrupting tyrosine phos-
phorylation-mediated bacterial capsule production. C. jejuni
phosphotyrosine signaling is regulated byCjtk, a uniquemember
of the expanding BY kinase family, which modifies several peri-
plasmic and/or outer-membrane proteins, including an epim-
erase required for polysaccharide synthesis.
Given the expected rapid dispersion of ROS in an extracellular
environment, the mechanism by which ROS impart host defense
and exert bacterial control must differ from that of innate immune
cells. Moreover, C. jejuni can mount a transcriptional response
upon ROS exposure via the oxidative stress regulator PerR.
This leads to derepression of target genes including KatA (cata-
lase) and AhpC (alkylhydroxyperoxidase), which will assist in
detoxifying H2O2 (Palyada et al., 2009). An attractive strategy
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nonmicrobicidal mechanism is the interference with virulence
factors, thus weakening pathogenicity. A decrease in invasion
of epithelial cells after exposure of Salmonella to H2O2 was
described as a repellent effect of unspecified nature (Botteaux
et al., 2009). As we show here, in C. jejuni infection this host-
protective effect is afforded by disabling regulatory control of
the bacterial phosphotyrosine network. Details of the mecha-
nism for redox-mediated inactivation of C. jejuni phosphotyro-
sine signaling will require more in-depth studies, as not only
Cjtk, but also its endogenous substrates and interacting protein
complexes might be affected. Regulation of a bacterial enzyme
by a combination of redox- and phosphorylation-dependent
mechanisms has been described recently (Gruszczyk et al.,
2011). An additional caveat of translating complex events
triggered by exposure of bacteria to ROS to the minimalist
in vitro phosphorylation approach using purified proteins is
the loss of overall context regarding in vivo modifications of
proteins and of the oxidant itself. Exposure of C. jejuni to H2O2
may induce the release of ferrous iron from iron-containing
proteins, which will promote generation of short-lived ROS
with highly increased oxidative capacity such as hydroxyl radi-
cals (Palyada et al., 2009). The in vivo setting was successfully
mimicked in vitro when utilizing purified Cjtk and the complete
OMP fraction, but not when using recombinant Gne purified
from E. coli.
We speculate that extracellular ROS could affect other inva-
sive bacteria in a similar fashion. However, the manner in which
BY kinase networks are altered by oxidants will likely differ
among bacteria, depending on the structure and location of
the BY kinase. The current model for regulating the activity of
inner membrane-localized BY kinases is based on a cyclic phos-
phorylation-dephosphorylation process by engaging specific
cytosolic low molecular weight protein tyrosine phosphatases
(LMW-PTP) (ie Wzc/Wzb or Etk/Etp). Although a single LMW-
PTP (Cj1258) has been identified in C. jejuni (Tolkatchev et al.,
2006), the redox-sensitive decrease in tyrosine phosphorylation
and the outer-membrane location of the identified kinase Cjtk
(OMP50) suggests a distinct mechanism for Campylobacter BY
kinase regulation. The C. jejuni LMW-PTP displays high overall
homology to mammalian LMW-PTPs and is likely a target of
oxidative inactivation, which would lead to increased phospho-
tyrosine content in the OMP fraction of ROS-exposed C. jejuni
rather than to the decrease that we observe. In addition, as
Cjtk-mediated phosphorylation appears to exclude cytoplasmic
proteins, the identity or localization of tyrosine-phosphorylated
substrates in C. jejuni and of the available ATP source will likely
differ from other organisms. The epimerase Gne, the here iden-
tified Cjtk substrate, partitions into several bacterial compart-
ments. It is possible that each Gne subpopulation fulfills different
tasks, and certain steps require tyrosine phosphorylation.
Phosphotyrosine signaling has been linked with capsule
expression in several prokaryotes (Cuthbertson et al., 2009;
Grangeasse et al., 2010). Similarly, phosphoproteomic studies
of Klebsiella pneumonia revealed a tight connection between
tyrosine phosphorylation, exopolysaccharide biosynthesis and
pathogenicity of the bacterium (Lin et al., 2009). While unencap-
sulated/capsule-depleted pathogenic bacteria sometimes show
enhanced adherence and invasion, capsule loss is predomi-Cnantly associated with attenuated virulence in colonization and
sepsis models of infection. Thus, ROS-induced inhibition of
BY kinase-mediated CPS expression could function as a gener-
alized mucosal defense against encapsulated bacteria. By shut-
ting down BY kinase activity, a network hub, one can predict
disruption of several nodes and wide-ranging effects on many
bacterial species. Considering the multifunctional nature of
many bacterial nodes, altering the activity or location of just
one bacterial protein may impinge on several virulence determi-
nants. A case in point is the here identified Cjtk target Gne,
a UDP-GlcNAc/Glc 4 epimerase, which is required for the
synthesis of three major bacterial cell surface carbohydrate
structures (CPS, LOS, Pgl heptasaccharide). The pleiotropic
effect on key bacterial functions by interference with BY kinase
signaling underlines their potential as promising targets for anti-
microbial therapy.
The concept that ROS act as a virulence modifier in the
mucosa rather than as microbicidal agent opens up new
avenues of research. As much as epithelium-derived H2O2 is
beneficial for the host during Campylobacter infection and
likely in other bacterial infections of mucosal surfaces, it can
be easily envisioned that this host response can be subverted
by some pathogens to their advantage (Winter et al., 2010). In
addition, although the commensal intestinal microbiota is con-
fined to the outer loose mucus layer and thus cannot trigger
mucosal ROS generation in vivo, changes in mucin expression
in injury, inflammatory disease or cancer may provide access
to the epithelium. In these circumstances, the microbiota itself
may stimulate H2O2 release (Swanson et al., 2011), raising the
possibility that microbiota-induced changes in redox balance
in the lumen could modulate the pathogenicity of intestinal
pathogens, or could result in aberrant microbiota. In this
context, analysis of the reciprocal effects of the commensal flora
and Campylobacter would be informative. A more complete
understanding of the interrelationships between the infecting
organism, resident microbiota, and host mucosal Nox/Duox
activation will await the development of more tractable animal
models mimicking human Campylobacter infection.
EXPERIMENTAL PROCEDURES
Coculture of C. jejuni 81–176 and C. jejuni Mutants with Cells
Agar grown bacteria were resuspended in RPMI 1640 media, and cells
at 60%–70% confluence were incubated with 1 ml bacterial suspension
(OD600 = 0.4; 10
7 bacteria). Bacteria and cells were cocultured at 37C with
microaerobic conditions (5% O2, 5% CO2 and 90% N2) for various time
periods. Nonadherent bacteria were removed by centrifugation (3300 g, for
5 min) and were used for isolation of CPS and the outer-membrane fractions.
Viable counts were performed for inocula to ensure that comparable numbers
of live bacteria were present for each bacterial strain.
Polarized In Vitro Organ Culture
Polarized in vitro organ culture (pIVOC) was performed with biopsy material
obtained from children during routine endoscopy undertaken for clinical
purposes. Between three and five biopsies were taken from normal appearing
mucosa in either the third part of the duodenum or in the colon. Fully informed
consent was obtained from parents and, where appropriate, children. Ethical
permission was provided for this study from the Ethics Committee of Our
Ladys Children Hospital Crumlin, Ireland. The pIVOC was adapted to monitor
stimulated H2O2 production and confocal microscopy of C. jejuni infected
mucosal epithelium. Details are described in the Supplemental Experimental
Procedures.ell Host & Microbe 12, 47–59, July 19, 2012 ª2012 Elsevier Inc. 57
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C. jejuni 81–176 was TAMRA-labeled before a 3 hr infection of cells plated in
Ibidi chamber m-slides VI0.4 (Ibidi, Martinsried, Germany) in microaerophilic
conditions. Samples were fixed with 2% formaldehyde for 30 min at 37C.
After washing, cells were permeabilized with 0.1% Triton X-100, blocked
with 5% BSA, and incubated for 3 hr with primary antibodies. Mouse anti-
p22phox, affinity-purified anti-Nox1, or anti-Duox1/2 rabbit antibodies were
used for detection. Secondary antibody was Alexa Fluor 488-conjugated
goat anti-rabbit IgG or Alexa Fluor 647-conjugated goat anti-mouse IgG
(Invitrogen). Nuclei were stained with DAPI (Invitrogen). Further details are
described in the Supplemental Experimental Procedures.
Electron Microscopy
C. jejuni were fixed in ice-cold 2.5% glutaraldehyde, 1% paraformaldehyde in
0.1 M cacodylate buffer and left overnight at room temperature with gentle
inversion. A freshly prepared saturated solution of Alcian Blue (Sigma-Aldrich)
in deionized water was filtered through a 0.22 mmpore size filter (Millipore) and
was used as a positive stain for capsular polysaccharides. Samples were
spread on carbon- and formvar-coated copper grids and washed with water.
Samples were analyzed on a Tecnai12 Biotwin (FEI company) operating at 120
kV and images were acquired on a 4k3 4k CCD Eagle camera (FEI company).
Statistical Analysis
Data are expressed as mean ± SEM, n = 3. Statistical differences between
means were determined by a two-tailed Student’s t test. Differences between
multiple groups were tested using analysis of variance (ANOVA) for repeated
measures. p values are indicated in figure legends.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.chom.2012.05.018.
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